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Summary
Objective: To assess bone mineral density (BMD) at different depths from the articular surface in vivo and temporally in a rabbit model of
osteoarthritis (OA) using clinical computed tomography (CT) equipment.
Methods: The knee joints of rabbits (N¼ 10 with Anterior cruciate ligament transection (ACLT) and contralateral sham joints, and N¼ 6
unoperated controls) were scanned in a transverse image plane with a single-slice helical CT scanner. BMD was calculated at deﬁned depths
from the articular surface to the growth plate in the lateral femoral condyle (LFC), medial femoral condyle (MFC), lateral tibial plateau (LTP)
and medial tibial plateau (MTP). Baseline BMD was measured at 2 weeks before surgery, and then repeated at weeks 2, 4 and 8 post-surgery
in all 10 operated rabbits, and again at week 12 in ﬁve of the operated rabbits and at weeks 2 and 8 in the six control rabbits.
Results: In the control joints, BMD decreased with increasing distance into the epiphysis and remained stable over time within each depth. A
signiﬁcant reduction in BMD was observed at week 2 post-operatively in three compartments (LFC, MFC and MTP) in the ACLT joints and
persisted to week 12. A modest reduction in BMD occurred in the LTP and MTP of the sham joints at week 12 alone.
Conclusion: Clinical CT equipment permitted rapid, repeated, in vivo, non-invasive BMD assessment in a rabbit model of OA. A marked BMD
reduction was measured with progression of OA until the end point at 12 weeks.
ª 2008 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Osteoarthritis (OA) is a complex disease involving all joint
components, including the articular cartilage, subchondral
bone, ligaments, menisci, synovial membrane and joint cap-
sule. However, the tissue in which the earliest events of OA
occur remains to be elucidated. In 1986, Radin studied the
mechanical properties of the joint and suggested that sub-
chondral bone played a role in the initiation and progression
of cartilage damage1. Several studies subsequently as-
sessed the involvement of subchondral bone in OA1e10.
In humans, increased bone mineral density (BMD) is asso-
ciated with knee OA8. Changes in BMD of tibial subchondral
bone in humans can also be used as a predictor of the pro-
gression of knee OA4. Several reports in experimental ani-
mal models of OA have also identiﬁed the presence of bone
remodelling in the development of OA11e22.*Address correspondence and reprint requests to: Dr Sheila
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197The important role of the subchondral bone in OA is further
demonstrated by recent animal studies evaluating the capac-
ity of various compounds to alter the changes associated with
OA. Bisphosphonates prevented a signiﬁcant decrease in
BMD and suppressed bone turnover in the subchondral re-
gion in canine23 and rat models24 of OA. Hyaluronan was
also reported to protect against cartilage degradation by in-
ducing more compliant subchondral bone25. In addition, glu-
cosamine hydrochloride attenuated subchondral bone
turnover, preventing the decrease in BMD that occurred in
early stages of OA in rabbits with surgically induced instabil-
ity26. Furthermore, calcitonin, an inhibitor of osteoclastic bone
resorption27, also reduced subchondral trabecular bone loss
in a canine model of OA28,29. From the results of these stud-
ies, it would appear appropriate to assess subchondral bone
changes, in addition to articular cartilage changes, when as-
sessing structure modifying effects of novel therapies for OA.
Histomorphometric evaluation allows the early detection
of microscopic changes in subchondral bone architecture.
However, because it is an ex vivo tool, histomorphometry
is limited to post-mortem assessment. An alternative non-de-
structive way to study the early impact of OA on bone is to
measure BMD. BMD has been proven to be a good to excel-
lent estimator of the mechanical properties of bone30. Dual-
energy X-ray absorptiometry (DEXA) is extensively used to
198 M. Bouchgua et al.: CT assessment of Bone mineral density in rabbit model of OAevaluate areal BMD, notably for osteoporosis in humans31.
DEXA has also been used in animal models of OA to assess
changes in BMD with disease development16,20,26,32,33.
However the decrease in BMD measured by DEXA has
been shown not only to be a consequence of decreased
BMD but also to a decrease in bone mass16.
Quantitative computed tomography (qCT) (also known as
osteoabsorptiometry) and micro-CT are more accurate than
DEXA for the measurement of BMD in OA34, allowing to
separately estimate bone density in trabecular and cortical
bone compartments. Furthermore, qCT is a repeatable
technique for BMD assessment that can be used non-inva-
sively to evaluate BMD in vivo in humans35. X-rays emitted
by the CT scanner are attenuated by tissue, according to
the tissue physical characteristics and X-ray beam energy.
X-rays travelling beyond tissues are detected and con-
verted into CT numbers or Hounsﬁeld Units (HU), a numer-
ical expression of tissue density, which is represented by
different shades of grey on cross-sectional CT images. In-
deed, a linear relationship exists between the HU and the
mean linear attenuation coefﬁcient in a given volume of tis-
sue. CT has been previously used to assess BMD in animal
models of OA18,21e23,36 but the change in BMD both tempo-
rally and at different depths in the subchondral bone has not
yet been studied by CT in vivo in an animal model of OA.
The purpose of this study was to assess with clinical CT
equipment the evolution over time of BMD at different depths
in the subchondral bone in an in vivo experimental animal
modelofOA;and tocompare itwithashamandacontrol group.Material and methodsEXPERIMENTAL OASixteen healthy, skeletally mature, male New Zealand White rabbits aged
(mean standard deviation (SD)) 8 0.5 months and weighing 4.01 0.47Fig. 1. ROIs for the measurement of BMD in each femoral condyle (a, c)
composed of ﬁve parallel rods of different reference materials: water, K2
polyethylekg, were used in the study. Surgical transection of the anterior cruciate ligament
(ACL) of a randomly assigned knee joint was performed to experimentally
induce OA in 10 rabbits (ACLT group). The contralateral knee joint was
sham-operated (skin, joint capsule and synovial membrane incised, ACL left
intact) (sham group). The surgical procedure has been previously described37.
The remaining six rabbits constituted a control group to identify possible
changes in normal animals over time. No surgery was performed on these
individuals. All procedures were approved by the Institutional Animal Care
Committee of the Faculte´ de Me´decine Ve´te´rinaire, Universite´ de Montre´al.COMPUTED TOMOGRAPHIC PROCEDUREThe rabbits were positioned in right lateral recumbency with the hindlimbs
in a plexiglass mould to standardize positioning throughout the study.
Because HU is inﬂuenced by the scanning energy used and individual scan-
ner properties, the HU cannot be directly compared from one CT scanner to
another, or from one scan acquisition to another38. Therefore, in order to
standardize BMD measurements, the hindlimbs were placed longitudinally
on a solid dipotassium phosphate reference phantom (13002 Model 3 CT
Calibration Phantom, Mindways Software, Inc, San Francisco, CA, United
States). The phantom is composed of ﬁve parallel rods of different reference
materials: water, K2HPO4 in concentrations of 50, 100, 200 mg/ml, and a high
density polyethylene. Both knee joints and the phantom were scanned simul-
taneously within the same ﬁeld of view, in an axial image plane with a single-
slice helical CT scanner (HiSpeed ZXi, General Electric, Mississauga,
Ontario, Canada). The following protocol was used: helical scan of 1 mm slice
thickness, pitch of 1, 25 cm display ﬁeld-of-view (DFOV) to include the BMD
phantom in its entirety, 120 kVp, 120 mA, and 512 512 matrix.BMD MEASUREMENTSA circular 150 mm2 region of interest (ROI) was placed in each phantom
rod. An oval 10 mm2 ROI was placed in each joint compartment: lateral fem-
oral condyle (LFC), medial femoral condyle (MFC), lateral tibial plateau
(LTP), and medial tibial plateau (MTP). This ROI was placed mid-distance
between cranial and caudal in each compartment (Fig. 1). ROI measurement
was repeated at multiple depths in each compartment, gathering data on the
subchondral bone plate and extending into the epiphysis. In the femur, the
BMD was calculated in the medial and lateral distal epiphysis, up to the
growth plate, at depths of 1, 2, 3, 4, 5 and 6 mm from the articular surface
(Fig. 2). In the medial and lateral proximal tibial epiphysis, BMD was calcu-
lated at depths of 1, 2 and 3 mm (Fig. 2). The mean HU values of the phan-
tom rods were compared to the HU values for each depth of each femoraland tibial plateau (b, d) on the axial CT sections. The phantom is
HPO4 in concentrations of 50, 100, 200 mg/ml, and a high density
ne.
Fig. 2. Coronal CT image illustrating the depths at which BMD was
measured in the distal femoral and proximal tibial epiphyses.
199Osteoarthritis and Cartilage Vol. 17, No. 2and tibial compartment and all values were converted with linear regression
(mROI ¼ rwater þ sref  rK2HPO4 þ bref), as previously described39 into dipotas-
sium phosphate equivalent BMD values (mg/ml).
Baseline BMD was measured 2 weeks before surgery, and repeated at
weeks 2, 4 and 8 post-surgery for all 10 ACLT/sham rabbits, and also at
week 12 for ﬁve of the ACLT/sham rabbits. BMD was measured at weeks
2 and 8 in the six control rabbits to detect changes related to time.STATISTICAL ANALYSISThe evolution of BMD over time between groups and differences between
depths, and compartments (LFC vs MFC, and LTP vs MTP) were assessed
using repeated-measures linear models with combinations of depth, com-
partment and time treated as within-subject factors (three-way repeated-
measures analysis of variance (ANOVA)). A priori contrasts were used to
compare density at different levels of the independent variables. Analyses
were performed with SAS version 9.1 (Cary, NC, United States). Statistical
signiﬁcance was set at P< 0.05 throughout.ResultsCONTROL GROUPBMD at the various depths in all four compartments (LFC,
MFC, LTP and MTP) of both the right and left control joints
are illustrated in Fig. 3. The BMD data at week 2 and week
8, for each compartment and at each depth, are provided in
Tables I and II. There was a signiﬁcant effect of depth on
BMD in all compartments for both right and left control joints(P 0.0001) over time (week 2 and week 8). BMD de-
creased with increasing distance from the articular surface,
with two exceptions: for week 2 and week 8, BMD was
signiﬁcantly greater at the 2 mm depth when compared to
the 1 mm depth in the LFC (P¼ 0.02) and LTP
(P< 0.0001) in the left joint.
The majority of BMD measurements remained stable
over time. An exception occurred in the left MFC at 1 mm
(P¼ 0.048): there was a greater BMD recorded at week 8
when compared to week 2. Similar exceptions were ob-
served at 2 (P¼ 0.0007) and 3 mm (P< 0.0001) in the left
MTP.
When compartment (MFC, LFC, MTP and LTP) BMD
measurements were compared within the same control
joint, signiﬁcant differences were identiﬁed and they varied
depending on whether the joint was right or left. In the right
joints, the MFC had a signiﬁcantly higher BMD than the LFC
at depths 3e6 mm (inclusively) at both week 2
(P¼ 0.0019e0.05) and week 8 (P¼ 0.0047e0.043). Con-
versely, in the left joints, differences were observed in the
tibia, where BMD measurements in the MTP at 1 mm depth
at week 2 (P¼ 0.01) and more marginally at week 8
(P¼ 0.05) were higher than those recorded in the LTP.
However the LTP had a higher BMD than the MTP at
both depths of 2 mm (P¼ 0.02) and 3 mm (P¼ 0.0007) at
week 2. This difference was also observed at 3 mm at
week 8 (P¼ 0.002).
Because signiﬁcant differences in BMD at the various
depths were identiﬁed when left and right control joints
were compared, BMD evolution following surgery in the
ACLT and sham joints was assessed by comparisons
with each joint’s baseline measurements (internal control),
rather than by comparison with the control group.ACLT AND SHAM GROUPThe time course variation in BMD in the ACLT and sham
joints at all depths and in all compartments is illustrated in
Figs. 4 and 5. Statistically signiﬁcant changes and the direc-
tion of changes (increase or decrease), relative to pre-sur-
gery measurements, are illustrated in Table I. Of the
signiﬁcant changes occurring, 81% (35/43) were detected
in the ACLT limbs and the majority were highly signiﬁcant
(P< 0.001). A decrease in BMD over time was the change
that occurred the most frequently in ACLT limbs, with only
one exception (LFC, week 4, at 2 mm). This decrease
was observed by week 2 post-operatively in three (LFC,
MFC and MTP) out of four compartments in the ACLT joints,
but not in the sham joints. The greatest number and most
signiﬁcant BMD decreases compared to baseline were ob-
served at week 8 in the MFC and MTP in the ACLT joints
(Table I). BMD in the MFC decreased by a difference of
up to 140.8 mg/ml (4 mm depth) when compared with base-
line. In the MTP, BMD decreased by up to 250.8 mg/ml
(2 mm depth). At week 12, a signiﬁcant decrease in BMD
persisted in all four compartments but not at all depths of
the ACLT joints (Table III).
The decrease in BMD occurred to the greatest depth in
the MFC of ACLT joints. This was observed at weeks 4, 8
and 12, with the decrease measured at all six depths at
week 8. By comparison, these changes were restricted to
depths of 1 and 2 mm in the LFC. At week 8 in the LTP
and MTP, the decreases were observed at all three depths,
but overall they were of greater statistical signiﬁcance in the
MTP.
Nineteen percent of signiﬁcant changes occurred in the
sham joints, and most consisted of a decrease in BMD in
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Fig. 3. Evolution of BMD over time in each compartment and for each depth for the control group. Key: R¼ right, L¼ left.
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the LTP (P¼ 0.047) andMTPs (P< 0.024) of the sham joints.Discussion
This study reports a signiﬁcant decrease in subchondral
BMD associated with the early progression of OA in an an-
imal model. To our knowledge, this is the ﬁrst study that
evaluates the temporal changes in BMD at different depths
in the femur and the tibia in vivo and non-destructively in
a rabbit model of OA using clinical CT equipment.
In the control animals, BMD decreased from the articular
surface to the deeper zones of the epiphysis in both theTable
BMD measurements (meanSD) in each joint compart
Depth (mm) LFC
L (N¼ 6)
1 Mean (mg/ml)SD 595.45 158.00 699
2 690.69 75.66 599
3 492.97 71.28 422
4 381.78 42.52 367
5 356.25 34.13 297
6 294.52 44.88 172
LTP
1 Mean (mg/ml)SD 466.67 145.98 730
2 700.30 110.58 599
3 635.43 115.17 490
L¼ left, R¼ right, N¼ number of joints.femur and the tibia, reﬂecting epiphyseal bone structure:
the trabeculae are more compact near the articular surface
when compared to deeper in the bone. Because there were
few signiﬁcant temporal variations in BMD values in the
control group, it was appropriate to compare BMD evolution
over time to pre-surgery measurements in the ACLT and
sham joints. We could assume that changes identiﬁed
would be due to induction of OA.
The differences in BMD between the right and left control
joints are difﬁcult to explain. We suspect that the observed
differences in BMD between the right and left control animal
knees in the study herein may be due to limb position in the
gantry. Although a mould was used to standardize the posi-
tion of the knee throughout the study, the right limb hadI
ment in the left and right control joints at week 2
MFC
R (N¼ 6) L (N¼ 6) R (N¼ 6)
.10 48.80 711.16 91.22 651.33 104.27
.92 86.12 620.36 75.87 681.93 77.70
.08 47.07 438.75 58.35 516.30 48.11
.18 58.46 412.62 35.95 441.09 32.21
.51 98.84 369.38 58.96 410.52 24.97
.93 108.75 294.52 76.958 422.52 65.88
MTP
.77 92.19 692.32 87.79 728.02 57.76
.75 115.78 510.20 89.50 661.82 96.79
.97 88.03 246.40 90.67 514.27 58.43
Table II
BMD measurements (meanSD) in each joint compartment in the left and right control joint at week 8
Depth (mm) LFC MFC
L (N¼ 6) R (N¼ 6) L (N¼ 6) R (N¼ 6)
1 Mean (mg/ml)SD 580.04 90.78 664.31 71.75 757.95 43.22 671.84 133.31
2 699.71 89.70 629.46 95.85 623.17 47.58 662.88 95.53
3 487.93 52.59 437.97 73.27 474.01 20.53 514.49 52.54
4 381.13 34.68 375.26 76.35 433.12 17.85 444.81 27.11
5 348.86 29.93 304.34 110.37 384.52 47.09 425.77 45.27
6 279.16 67.89 173.47 125.95 291.20 88.74 440.88 109.12
LTP MTP
1 Mean (mg/ml)SD 515.95 165.83 703.39 150.69 687.86 92.08 722.97 68.65
2 691.98 148.55 627.66 71.16 594.73 84.01 666.48 124.24
3 670.79 94.25 519.56 82.61 348.42 74.21 504.27 93.31
L¼ left, R¼ right, N¼ number of joints.
201Osteoarthritis and Cartilage Vol. 17, No. 2a more consistent and straighter position than the left limb
as it lay against the table. A mild degree of rotation and
varus deformity was subjectively noted in the left limb, mak-
ing it more difﬁcult to draw an ROI at exactly the same site
at all time points in the left limbs. To our knowledge, no
study has reported the inﬂuence of limb or position on
BMD values measured with CT.
BMD decreased temporally in the ACLT limbs, and this
was observed from very early in the study (2 weeks post--4 -2 0 2 4 6 8 10 12
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Fig. 4. Temporal variation of BMD measurements at various depths fsurgery) until its termination (12 weeks). This ﬁnding is con-
sistent with other investigations that reported decreased
subchondral BMD in experimental animal models of OA.
In ACLT rabbit models of OA, a decrease in BMD has
been previously observed at 418 and 818,26 weeks but not
at 12 weeks. In a canine ACLT model, similar changes to
those we observed were identiﬁed as early as 336 and 423
weeks post-surgery and persisted until 12 weeks post-
ACLT36. In a menisectomized model of OA in rabbits, which6 mm
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Fig. 5. Temporal variation of BMD measurements at various depths from the articular surface in each joint compartment in the sham group.
Key: SX¼ surgery.
202 M. Bouchgua et al.: CT assessment of Bone mineral density in rabbit model of OAcreates less severe lesions than the ACLT model, a de-
crease in BMD was observed at 13 and up to 40 weeks
post-surgery20. Likewise, in a menisectomized sheep model
of OA, which has a slower progression of disease, a BMD
decrease was measured at 6 months post-surgery (one
time point measurement in the study) in the MFC and
MTP33.
Other studies have shown a biphasic change in BMD,
characterized by an initial decrease, followed by an in-
crease later in the course of the disease. Spontaneous
OA in DunkineHartley guinea pigs, which are commonly
used for OA studies, revealed a BMD decrease at 9 weeks
of age and a later BMD increase at 24 and 36 weeks of
age compared to unaffected Bristol strain 2 animals11. In
DunkineHartley guinea pigs with a partial medial menisec-
tomy, a similar pattern of early decrease in BMD was
observed at week 4 post-surgery, followed by an increase
after 12 weeks16. Similarly, in dogs with naturally occurring
OA (hip dysplasia), BMD was higher than in non-OA af-
fected dogs22.
This biphasic change in BMD has recently been reported
to also occur in the rodent ACLT model of OA assessed by
micro-CT in vivo40. In a previous collaborative study with the
latter group, we observed an initial decrease in BMD fol-
lowed by an increase at 12 weeks on ex vivo micro-CT as-
sessment of the rabbit ACLT model of OA18. In the current
study using the same rabbit ACLT-transection model, BMD
values were decreased at week 12 at more superﬁcialdepths, whereas deeper in the bone, values had returned
to pre-surgery levels. An explanation for these differences
between the studies at 12 weeks could be that the animals
in the current study had overall less severe histological car-
tilage lesions37 than in the previous study. We attributed this
to the use of younger animals in the current study (8 months
vs 2 years old) and also a change in animal cages between
both studies.
The differences between our study and others can be ex-
plained by differences in the animal model used, the mea-
surement time points and the depths at which BMD was
measured. It is probable that, had we evaluated the animals
over a longer period of time, BMD would eventually have in-
creased. Indeed in human OA, when BMD is measured, the
disease is often in an advanced stage and BMD is
increased.
The mechanisms explaining the early decrease in BMD
that occurs in these experimental animal models of OA
are still unclear. An increased rate of bone resorption and/
or a decreased rate of bone formation lead to demineraliza-
tion and decreased BMD. The equilibrium between sub-
chondral bone formation and bone resorption is highly
dependent on osteoclastic activity41. Subchondral bone re-
modelling can be inﬂuenced by mechanical, metabolic and
other systemic and/or local factors3. Hypotheses based on
three factors (mechanical, local inﬂammatory and blood
ﬂow) could explain the BMD decrease observed in early ex-
perimental OA. According to Wolff’s law, below a certain
Table III
Summary of ANOVA results for the comparisons of BMD in ACLT
and sham-operated knees relative to baseline measurements. Sig-
nificant differences relative to baseline measurements are indicated
with an arrow, its direction indicating whether BMD significantly in-
creased ([) or decreased (Y). e, No significant change, *P< 0.05,
**P 0.01, ***P 0.001
Weeks 2 4 8 12
Depth (mm) ACLT Sham ACLT Sham ACLT Sham ACLT Sham
LFC
1 Y*** e Y*** e Y*** e Y*** e
2 e e [* e Y*** e e e
3 e e e e e e e e
4 e e e e e e e e
5 e e e e e e e e
6 e e e e e e e e
MFC
1 Y* e e e Y*** e Y** e
2 e e Y*** [* Y*** e Y** e
3 e e Y** e Y* [* Y** e
4 e e Y*** e Y*** e Y** e
5 e e Y** e Y** e e e
6 e e e e Y* e e e
LTP
1 e e e e Y*** e Y*** Y*
2 e e e e Y** e Y*** e
3 e e Y* e Y** e e e
MTP
1 Y** e Y* e Y*** e Y*** Y*
2 e e Y** e Y*** Y* e e
3 e e Y*** Y* Y*** Y** e Y*
203Osteoarthritis and Cartilage Vol. 17, No. 2mechanical stress level, bone resorption occurs due to os-
teoclast activation, leading to a decrease in BMD. Because
of the initial acute instability and immediate discomfort in-
duced by the ACLT surgical procedure, and the mechanical
characteristics of quadrupeds, load is likely transferred from
ACLT and sham joints to the forelimbs. Although no force
plate analyses were performed, subjective observations of
the animals indicated that they were less active in their ca-
ges in the ﬁrst 2 weeks after surgery, which likely leads to
a disuse of the operated limb and consequently reduced
mechanical stress. Minor alterations of mechanical stress
could therefore explain the differences in BMD values ob-
served between baseline and operated joints. Reduced
weight bearing occurred in a canine ACLT model of OA:
loading on the ACLT joint was reduced to 35% of pre-
ACLT values 2 weeks after surgery and progressively in-
creased to 50e60% within 6e12 weeks42,43. In a rabbit
model of joint instability (ACLT and medial collateral liga-
ment transection), the injured joint carried only 31% of the
total hindlimb load44. An in vivo kinematic study of the rabbit
knee reported a signiﬁcant decrease in knee ﬂexion 4
weeks after an ACLT and an anterior displacement of the
tibia at week 4 and 8 post-ACLT but not at week 12 com-
pared to control rabbits45. Combined, these observations
further support the hypothesis of early-altered joint loads af-
ter ACLT that could contribute to reduce BMD in injured
knees.
A second hypothesis to explain the initial decrease in
BMD in the rabbit ACLT model of OA is an effect of inﬂam-
mation on the remodelling of the subchondral bone. Surgery
(ACLT and sham) induces an acute inﬂammatory reaction.
Inﬂammatory cells such as leukocytes and macrophages
are sources of cytokines46, including interleukin-1, interleu-
kin-6 and tumour necrosis factor, that stimulate osteoclastformation47 and promote resorption. Synovial ﬂuid from
OA patients added to murine calvarial bone cultures in-
duced bone resorption48, indicating that OA synovial ﬂuid
has the potential to induce subchondral bone remodelling.
Therefore, these early immediate inﬂammatory events
could explain the BMD decrease observed as early as 2
weeks post-surgery. This theory is further supported by
the fact that early changes in BMD were seen at depths
(1 mm) closest to the articular surface.
A third hypothesis is based on changes in blood ﬂow in
the subchondral bone, which could be induced either by
mechanical or inﬂammatory factors. Subchondral blood
ﬂow was higher (76% at 14 weeks and 44% at 48 weeks)
in knee joints where instability was induced by ACLT
when compared to sham joints in a rabbit model of OA49.
Increased blood ﬂow may stimulate osteoclastic activity50
and thereby contribute to increased bone resorption.
In conclusion, BMC decreased signiﬁcantly with the early
progression of OA and essentially to the greatest depth of
the subchondral bone in the MFC of the rabbit knee joint.
CT permitted an in vivo and rapid non-invasive temporal as-
sessment of BMD in a rabbit model of OA. As clinical CT
equipment is able to rapidly and easily detect BMD variation
in this experimental animal model of OA, it should be a use-
ful tool to evaluate the efﬁcacy of novel therapies on the
subchondral bone, which is involved in the pathogenesis
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